A planar nematic liquid crystal (NLC) cell is incorporated into a Littman-type external cavity as the wavelength-tuning device for a semiconductor laser diode. By varying the driving voltage of the NLC cell and laser diode bias current simultaneously, we demonstrate single-mode oscillation and mode-hop-free tuning over 19.2 GHz at 775 nm. The result is in good agreement with the theoretical predictions. © 2004 Optical Society of America OCIS codes: 140.0140, 140.3600, 140.5960, 140.3570, 160.3710. External-cavity diode lasers (ECDLs) have been investigated extensively and have been commerically available for some time. ECDLs are typically tuned over a broad wavelength range by mechanically tilting either the diffraction grating or the end mirror with an optimum pivot point arrangement.
External-cavity diode lasers (ECDLs) have been investigated extensively and have been commerically available for some time. ECDLs are typically tuned over a broad wavelength range by mechanically tilting either the diffraction grating or the end mirror with an optimum pivot point arrangement. 1 A narrower sweep over several tenths of gigahertz about a center frequency is nonetheless useful in high-resolution spectroscopy and metrology. This is usually realized by simultaneously controlling the diode laser current and the tilt angle in an appropriate ratio. 2, 3 Wavelength fine tuning by orienting a glass plate in an ECDL is also easy to implement. 4 The schemes described above, however, still require mechanical motion of bulky components. It is desirable to be able to tune the laser frequency electronically. This can be achieved by employing intracavity electro-optic 5 or acousto-optic devices. 6 Liquid crystal elements have also been developed successfully as tuning elements in ECDL systems. They can be categorized as birefringent f ilters, 7 Fabry-Perot interferometers, 8 or spatial light modulators. 9 -11 Utilizing liquid crystals as tuning elements permits low-voltage electrical tuning of laser wavelengths. The devices mentioned above are still quite complex, requiring assembly of several components. In this Letter we propose an alternative and simple approach for mode-hop-free cw f ine tuning of an ECDL by use of liquid crystal technology. Fine adjustment of the laser cavity length is then realized by electrical control of the refractive index of a planarly aligned nematic liquid crystal (NLC) cell inserted into the cavity of an ECDL. Mode-hop-free tuning is ensured by synchronous regulation of the bias current of the laser diode. Single longitudinal mode operation and 19.2-GHz mode-hop-free tuning were achieved by changing the voltages applied to the NLC cell by only several volts.
A schematic of our laser is shown in Fig. 1 . The output from the antiref lection-coated front facet of a commercial laser diode (LD; Sacher Model 780-40) is collimated with an objective lens (N.A., 0.5) and directed onto a diffraction grating with 1200 lines͞mm. A NLC cell, constructed by sandwiching the 35.5-mm-thick planarly aligned NLC, 49-n-pentyl-4-cyanobiphenyl (5CB) layer between two glass plates coated with indium tin oxide on the inner surfaces as electrodes, is inserted between the grating and the end mirror of the Littman-type cavity. 12 The NLC cell acts as a variable phase plate. By varying the voltage driving the NLC cell, one can tune the laser wavelength by changing the effective optical path length, which in turn changes the resonance frequency of the external-cavity modes. The relative frequency shift of the laser output is given by
where Dl Dnd is the change in optical path through the NLC cell, l is the cavity length, Df is the induced relative frequency shift, and f is the laser frequency. We first measured the light intensity I transmitted through the NLC cell versus the driving voltage at 775 nm (see Fig. 2 ). There is no apparent hysteresis in I when we ramp the driving voltage from 0.01 to 7.06 V (solid curve) or backward (dotted curve). Note that the transmission in Fig. 2 oscillates with maxima and minima, which occur when Dnd is a half-integral and an integral multiple of the optical wavelength, respectively. The relative frequency shift induced by optical path change can then be derived from Fig. 2 and Eq. (1). For single-mode oscillation and cw tuning, the longitudinal mode spectra of the external cavity and of the laser diode chip must be tuned synchronously. def ine parameter b as the ratio of wavelength change Dl, to the change of the LD bias current, DI LD . The relationship of DI LD and Dl, that is, the changes in the bias current and the optical length of the external cavity that are necessary to achieve mode-hop-free tuning, is
For our laser, l 775 nm, l 10 cm, and b 6.5 nm͞A (over a range of 63 mA about 50 mA). In Fig. 3(a) , we demonstrate mode-hop-free tuning of the laser by adjusting the voltage driving the NLC cell and the bias current of the LD synchronously. Frequency shifts are observed by monitoring of the output spectrum of an ECDL with a scanning Fabry -Perot interferometer with a free spectral range of 2 GHz. The mode-hop-free tuning ranges are 19.5 and 19.2 GHz for upramping and downramping of the driving voltage from 0.64 to 7.06 V (Vrms), respectively. The experimental tuning range is in good agreement with the theoretical prediction of 19.5 GHz [solid curve in Fig. 3(a) ]. A typical lasing spectrum of an ECDL with an intracavity NLC cell is shown in the inset of Fig. 3(a) . A side-mode suppression ratio of 35 dB is readily achieved over the entire tuning range. The variations of the LD bias current that are necessary for achieving mode-hop-free tuning of the lasing wavelength are shown in Fig. 3(b) . The current should be changed by 6.08 mA when the driving voltage of the NLC cell is ramped up in the range mentioned above and by 6.83 mA during downramping. The difference in current required for mode-hop-free tuning is due to proportionality constants b, which are 6.8 and 6.3 nm͞A for increasing and decreasing current, respectively. The output wavelength of the LD chip itself does not show apparent hysteresis with bias current (not shown in Fig. 3 ). We find, however, that the amount of optical feedback of the ECDL in our experiment does affect b. Nevertheless, mode-hop-free tuning is ensured by the current technique.
Further evidence of mode-hop-free tuning is shown in Fig. 4 : We plot the interference fringes from an unbalanced Michelson interferometer as the laser frequency is tuned. There are 21 fringes as the voltage is ramped up from 0.64 to 7.06 V. The mode-hop-free tuning range for an ECDL is thus 19.2 GHz. During the experiment, the temperature of the NLC cell f luctuates by ϳ0.2 ± C for 2 h. According to the data published by Wu et al., 13 Dn͞DT 2.42 3 10 23 ͞ ± C for nematic 5CB at l 775 nm. Thus the refractive index of the NLC cell would vary by 0.484 3 10 23 during the experiment, resulting in a possible frequency uncertainty of 0.05 GHz. Further, for a 10-cm cavity, the accuracy in the cavity length is estimated to be ϳ1 mm, or ϳ0.2 GHz in frequency. The combined error in the measured mode-hop-free tuning range is then ϳ0.25 GHz. Our results are thus in good agreement with the theoretical predictions.
In conclusion, we have demonstrated that a planar nematic liquid crystal cell can be used as a simple yet effective wavelength f ine-tuning device in an ECDL. A continuous mode-hop-free tuning range of 19.2 GHz for a 10-cm-long ECDL has been demonstrated. It is anticipated that a broader continuous tuning range could be achieved by employment of a shorter external cavity and (or) a NLC cell with greater optical thickness. This system requires no mechanical moving parts and no critical alignment. The driving voltage is relatively low (several volts).
